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Introduction

The research funded by this Ovarian Concept Award explores the hypothesis that the gonadotropin-
stimulated inflammation-like reaction that occurs during the peri- and immediate post-menopause periods
causes remodeling and morphological changes that promote ovarian cancer by selecting tumor-prone cells.
COX-1 is most likely involved in the degeneration of ovarian follicles, and inhibition of COX-1 may reduce the
gonadotropin levels and preserve ovarian function. Preservation of follicles may delay menopause and reduce
the risk of ovarian cancer. Three specific aims were proposed: Aim 1) Genetic analysis to determine if COX-1
deletion alters tumor formation and the rate of follicle degeneration; Aim 2) Targeted COX inhibition to
determine whether COX-1 is selective for follicle atresia and tumor phenotype; and Aim 3) Evaluation of COX-
1 depletion/inhibition on ovarian physiology.

The experiments have established and studied a mouse model that incorporates postmenopausal biology
and ovarian function in establishing ovarian cancer etiology and risk. Three mouse lines were established
and/or maintained for these experiments: 1) Wv mutant mice (C57BL/6J-Kit""*"’ from Jackson Laboratory)
contain a point mutation in the kinase domain of c-Kit, are viable, and lack pigment-forming cells, germ cells,
red blood cells, and mast cells. The females are sterile, and their ovaries have an aged, menopause-like
phenotype. 2) COX-1 homozygous mutant mice, from Langenbach and colleagues (NIEHS, Research Triangle
Park, NC), develop normally, have no gastric pathology, are fertile, but have been reported to have parturition
defects. 3) Wv were intercrossed with COX-1 mutant mice to generate Wv/Wv:Cox-1(-/-).

Discussion

The etiology of ovarian cancer is complex and not understood completely, though reproductive history,
ovulation frequency, and age are known factors that influence ovarian cancer risk. In particular, age—even
more so than family history for ovarian cancer—is the strongest predictor of risk (1). Approximately 85% of
ovarian cancer is diagnosed in post-menopausal women, and the average age of diagnosis (~54 years) is in the
immediate post-menopausal period (~52 years). This suggests a strong correlation between menopausal status
and ovarian cancer risk.

Menopause is defined as the cessation of ovulation and menstruation and is caused by the loss of
oocytes and follicular function (2). Most oocytes are progressively lost by atresia, or apoptosis (3), and the
ovary may develop a number of atrophic features due to its aging and loss of function as an endocrine gland (4).
One such consequence is the unopposed increase in gonadotropin levels. In the pre-menopausal ovary,
gonadotropins stimulate expression of cyclooxygenases, bifunctional enzymes that convert arachidonic acid to
prostaglandin H2, which is subsequently converted to other prostaglandins by specific prostaglandin synthases.
The prostaglandins stimulate an inflammatory-like condition that results in proteolysis responsible for egg
release from the ovary (5). Progesterone produced by ovarian corpus luteum feeds back to inhibit gonadotropin
release by the pituitary. In the post-menopausal ovary, corpora lutea do not form (because of a lack of follicle
predecessors and ovulation) and progesterone is not produced. As a result, gonadotropins are highest in the
post-menopausal period. These hormones may still stimulate ovulation-like processes such as proteolytic
degradation and influence cyclooxygenase enzyme expression in the ovarian surface epithelial and follicular



granulosa cells. This inflammation-like condition stimulated by the elevated level of gonadotropins is likely a
primary reason for the increased risk of ovarian cancer (6).

We examined the naturally occurring mutant mouse, the white spotting variant (Wv) mice to understand
the relationship between the development of age-related morphological changes in the ovary and depletion of
ovarian oocytes and follicles. These mice harbor a point mutation in the kinase domain of the c-kit gene,
resulting in developmental defects in germ cells, pigment-forming cells, red blood cells, and mast cells in
homozygous mutant mice (7-9). At birth Wv homozygous mutant ovaries contain less that 1% of the normal
number of oocytes, and the remaining oocytes are depleted by about 6-8 weeks of age (10). Consequently,
ovulation ceases and levels of serum pituitary gonadotropins increase. Pronounced epithelial morphological
changes develop, including surface invaginations, inclusion cysts, papillomatosis, and benign ovarian tumors,
known as tubular adenomas that completely infiltrate the ovary by four months of age (9,11). The tumors are
derived from ovarian surface epithelial cells, resembling human ovarian changes that may result from aging
(11). Gonadotropins are believed to be the cause of these tubular adenomas, since suppression of gonadotropin
release in Wv mice prevents the development of the ovarian tubular adenomas (12). The Wv mice over-express
cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2) (11), which are distinct enzymes expressed either
constitutively or induced, respectively. The COX enzymes regulate multiple aspects of female reproduction
(13), and non-steroidal anti-inflammatory drugs (NSAIDSs) that target the COX enzymes reduce the risk of
ovarian epithelial cancers, by far the most predominant form (14), and cause growth inhibition and apoptosis in
ovarian cancer cell lines (15). However, the link between morphological inhibition and reproductive inhibition
is unclear.

In Aim 1, we used a genetic approach to determine if COX-1 deletion alters tumor formation and the rate of
follicle degeneration. Cox-1 deficiency was introduced into the Wv mouse colony by crossing Wv/+ mice with
Cox-1(+/-) mice, and a new inbred colony was established by crossing Wv/+,Cox-1(+/-) siblings. Progenies
homozygous for Wv and all genotypes of Cox-1, (+/+), (+/-), (-/-), were examined for ovarian morphology at 4
months. In wildtype mice, the ovaries contained follicles of all stages of development, as well as numerous
corpora lutea, which develop from Graafian follicles after ovulation and indicate the ovulatory capacity of the
wildtype ovaries (Fig. 1).
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Fig. 1. Age-matched wildtype (left panel) and Wv/Wv (right panel) ovaries.
i+ Follicles of all stages and sizes are found in four-month old wildtype mouse
;'g ovaries. The Wv/Wv ovary lacks detectable follicles.
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Fig. 2. (Left panel) Troma-1 (Cytokeratin-8) staining of 4-month old ovaries from mice homozygous for Wv and all genotypes of Cox-1

(+/+, +/-, -I-) shows the infiltration of epithelial tubular adenomas within the ovaries. The most significant reduction in tumor infiltration was found
in the Wv/Wv, Cox-1(-/-) ovaries. (Right panel) The percent tumor area was determined for individual ovaries of the defined genotypes and
plotted. Ovaries from Wv/Wv mice with the heterozygous Cox-1,Cox-2 genotype [Cox-1(+/-),Cox-2(+/-)] and Wv/Wyv, Cox-2(+/-) genotype also
show a rescue of the tumor phenotype.

The Wv mouse ovaries were smaller, void of detectable follicles at any stage, and infiltrated
throughout with cytokeratin- positive lesions known as tubular adenomas. Genetic deletion of COX-1 was
dosage dependent, with the homozygous mutant having the most pronounced effect on the ovarian morphology,
with few or negligible lesions (Fig. 2). The COX-1 deletion in the Wv/WVv background reduced the area
infiltrated by the lesions nearly 3-fold. A double mutant, Wv/Wv,Cox-1(+/-),Cox-2(+/-), was as effective as the
COX-1 homozygous in reducing the tumor phenotype.

In 1.5-month old mice, COX-1 deletion appears to slow the loss of follicles retained in the Wv/Wv
ovary. For example, we have preliminarily observed widespread immunostaining of inhibin-alpha, a granulosa
cell marker, and PGC-7, a germ cell marker, in Wv/Wv,Cox-1(-/-) mice, which would indicate that COX-1
inhibition retains the oocytes and follicular structure. A reasonable question, then, is whether the Cox-1 genetic
knockout also increases the number of primordial or primary follicles found in young mice. We have begun to
examine newborn ovaries for germ cells and primordial follicles and expect to determine if COX-1 genetic
inhibition delays the depletion of the follicles and at what step of follicle development.

In Aim 2, pharmacological cyclooxygenase inhibitors were administered to Wv/Wv mice to analyze
whether COX-1 is selective for the tumor phenotype and follicle atresia. Female Wv/Wv mice were treated
with inhibitors of COX isoforms to determine that COX-1 is the principal COX involved in ovarian
morphological changes. The drugs were administered in food or drinking water for 2 months, and ovaries were
collected from mice at 4 months of age. We had found just prior to the initiation of this award that Celebrex, a
COX-2 specific inhibitor, could suppress the Wv/Wv ovarian tumor phenotype (11). Here, we found that
indomethacin, a non-selective COX inhibitor, and SC-560, a COX-1 specific inhibitor, were much more
effective. In animals treated with either of these two drugs, the tumor phenotype was reduced approximately
80% (from 80% to 17% tumor area). Moreover, in 11 out of 13 mice treated with COX-1 inhibitors, one or
more follicles were retained in the ovary (Fig. 3).

Fea £
Fig. 3. Ovaries from 4-month old Wv/Wv mice treated with Cox-1 inhibitors for 2 months show a rescue of the tumor phenotype and the presence of
pre-antral follicles, which are not found in non-treated Wv/Wv mice of the same age.

Based on the presence of a single layer of granulosa cells surrounding the oocyte and the size of the oocyte, the
follicles appeared to be stage 11 primary follicles (3). The presence of a follicle in the ovary of a 4-month old
Wv/Wv female was quite remarkable, since in over 300 ovaries examined in the course of our studies with the

Wv mice we have never observed a follicle in mature Wv/Wv ovaries.

Finally, in Aim 3, we proposed to evaluate the effect of COX-1 depletion or inhibition on the ovarian

phenotype. Our preliminary measurements showed that deletion of COX-1 lowered serum FSH levels, though

the results were not significant (Fig. 4). A larger sample number is required to make a solid conclusion. Other
6



measurements, including prostaglandins, progesterone, and estrogen, were initially proposed and will be
followed up in the future.

Fig. 4. Serum FSH levels in 4 month Wv/Wv mice. FSH was measured in serum
obtained by retro-orbital bleed at the time of sacrifice from Wv/Wv mice of different
Cox-1 genotypes, and determined by radioimmunoassay through custom service by the
National Hormone and Peptide Program (Harbor-UCLA Medical Center, Torrance,
CA).

Key Research Accomplishments

e Found that COX-1 genetic depletion rescues the ovarian epithelial tumor phenotype of the Wv mice.

e Determined that the effect of COX-1 knockout is gene dosage-dependent, with the homozygous mutant
having the greatest effect on ovarian morphology.

e Assessed that COX-1 depletion delays the depletion of follicles in the younger mice and consequently
the development of the epithelial lesions in the Wv mice.

e Showed that pharmacological inhibition of COX-1 was effective in rescuing the tumor phenotype and
more effective than COX-2 inhibitors.

e Found that COX-1 inhibition apparently influences primary follicle preservation.

Reportable Outcomes
One manuscript has been prepared during the first year of the award.

Smith ER, and Xu XX. Ovarian aging, follicle depletion, and cancer: a hypothesis for the etiology of epithelial
ovarian cancer involving follicle depletion. Lancet Oncol. 2008, accepted.

Conclusions

These studies have examined the hypothesis that gonadotropins stimulate an inflammatory-like reaction,
mediated through cyclooxygenase-1 action, which causes remodeling and morphological changes and promotes
ovarian tumor development. We have utilized a practical model for post-menopausal ovarian physiology, the
WVv mouse, in which cyclooxygenase-1 is over-expressed, as it is frequently found in ovarian epithelial cancers.
Genetic and pharmacological inhibition of COX-1 prevented the tumor phenotype and delayed the depletion of
follicles. Importantly, the depletion of follicles may underlie the epidemiological observations linking
reproductive history and ovarian cancer risk. The use of NSAIDs may provide a rational strategy for
chemoprevention of ovarian cancer.
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Personal View

Ovarian ageing, follicle depletion, and cancer: an hypothesis
for the aetiology of epithelial ovarian cancer involving

follicle depletion

Elizabeth R Smith, Xiang-Xi Xu [A1]

The association between ovarian-cancer risk and reproductive factors has been well established, and two main
theories, incessant ovulation and gonadotropin stimulation, have been proposed to explain the mechanism. Recent
studies using animal models of ovarian tumorigenesis, and analysis of ovarian tissues from prophylactic
oophorectomies, suggest that depletion of ovarian follicles might underlie the epidemiological findings linking

reproductive history and ovarian-cancer risk.

Introduction [A13]

The aetiology of ovarian cancer is complex and
incompletely understood, although epidemiological data
decisively link ovulation frequency and reproductive
hormones to ovarian-cancer risk."” Increased parity and
oral contraceptive use are the clearest examples of factors
that decrease ovarian-cancer risk, both of which limit
ovulation. Two main theories, incessant ovulation* and
gonadotropin stimulation,** have been proposed to
explain the aetiology of ovulation in ovarian-cancer risk,”
but neither completely nor satisfactorily explain the
dramatic increase in ovarian-cancer incidence that occurs
in the immediate postmenopausal period and that
continues to rise as the ovary ages after menopause. Most
(90%) ovarian cancers are derived from the surface
epithelium, and nearly 85-90% of ovarian cancer
develops postmenopause. Therefore, understanding how
the depletion of germ cells, loss of the follicular structure
that surrounds the oocyte or germ cell, and cessation of
ovulation, all of which define menopause, effect
transformation of the surface epithelium and the
development of ovarian carcinomas is of particular
importance [A3]. On the basis of studies with the germ-
cell-deficient Wv mice (figure 1) and examination of

human ovarian tissues from prophylactic oophorec-
tomies, we suggest that depletion of germ cells and the
loss of ovarian follicular function that follows might
underlie the link between reproductive factors and
ovarian cancer risk.

Aetiology of ovulation in ovarian cancer

Nearly 40 years ago, Fathalla proposed the theory of
incessant ovulation to clarify the association between
ovulation frequency and the risk of developing epithelial
ovarian cancer.* This hypothesis attributes the occurrence
of ovarian cancer in modern day women (and domestic
egg-laying hens), which is rare in other mammals, to
ovulation thatrecurs monthly throughoutthe reproductive
lifetime of women if not punctuated by anovulatory
periods during pregnancy and breast-feeding.* The
repetitive wounding during the release of the ovum and
the cell proliferation that occurs postovulation to repair
the ovarian surface epithelium have been proposed to
result in mutations accumulating in the epithelial cells
and ultimately the formation of tumours.’ This central
mechanism is supported experimentally in cell culture
and is generally well accepted. Moreover, combined
oestrogen—progesterone formulations of oral contra-

Figure 1: [A10]

Mature wildtype-mouse ovary contains many germ cells and follicles at various stages of development, including primary, preantral, antral, and corpora lutea. A Wv
ovary from the same-age mouse is depleted of germ cells and follicles and many epithelial morphological changes, including tubular adenomas, permeate the ovary
[A11].
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Figure 2: Model depicting hypothesis that germ-cell and follicle depletion might underlie the aetiology of
ovarian-cancer risk associated with reproductive factors and menopause risk

ceptives that act by suppressing ovulation decrease the
risk of ovarian cancer by about 40% after 3 years of use."
Why pregnancy and oral contraceptives provide a long-
term protection, however, might be more complex than
by simply limiting ovulation, because more recent studies
suggest that progesterone, which is increased during
pregnancy and by oral contraceptives, might also affect
the clearing of transformed cells from the ovarian
surface-epithelial layers.”” Because the likelihood of
initiated cells [A4] being present increases with age, the
age of either the last full-term pregnancy or the last
regular use of progestin-containing oral contraceptives is
a protective factor, and the benefit decreases after time.”
[A14] On the basis of the same epidemiological data,
the gonadotropin stimulation theory, by contrast,
postulates that surges of pituitary gonadotropins that
initiate each ovulation and persist in high levels for many
years after menopause also stimulate the ovarian surface-
epithelial cells and induce cell transformation.** During
ovulation, gonadotropins stimulate an inflammatory-like
process mediated by many cytokines and proteolytic
enzymes, which leads to rupture of the ovarian surface-
epithelial layer for the release of the ovum.** After
rupture of the follicle and the release of the ovum at the
ovarian surface, the oestrogen-producing follicle is
converted to a progesterone-producing corpus luteum,
which then feeds back to inhibit gonadotropin levels. In
menopause, which is caused by a total depletion in the
number of germ cells present in the ovary and
accompanied by the loss of the follicular structure that
surrounds the germ cells, the feedback endocrine loop
from the corpus luteum is absent, and serum
gonadotropins and levels of proinflammatory cytokines
are even higher in perimenopausal ovaries.”® Thus,
increased gonadotropin levels in postmenopausal women
might foster an inflammatory environment that cannot
lead to ovulation, but might contribute to ovarian-cancer
risk,” by causing either remodeling or morphological
changes in the surface epithelium, which allow the
transformation of genetically compromised cells and the
development of cancerous lesions.”” This theory seems
more fitting to explain the dramatic increase in ovarian-

cancer incidence in the perimenopausal and
postmenopausal years.”* The average age of menopause,
although it varies somewhat between women and
cultures, is 51 years, which closely precedes the average
age of ovarian-cancer diagnosis, which is 54 years.

[A15] The incidence of ovarian cancer continues to
increase after menopause, and age—even more so than a
family history of ovarian cancer—is the best prediction of
ovarian-cancer risk."?> Ovaries from older women have
been noted to show more morphological changes than
those from younger women.” Presumably ovulation and
subsequent repair cause these age-dependent changes,
or so-called ovarian ageing,””* which might represent
preneoplastic areas or lesions. Recently, prophylactic
surgeries have allowed a closer and crucial examination
of these morphological changes and potential
preneoplastic lesions in healthy women.”” These
morphological features include papillomatosis, deep-
surface invaginations, inclusion cysts, and epithelial
stratification/proliferation [A5], which are noted most
frequently in perimenopausal and immediate
postmenopausal ovaries of both BRCA1/2 carriers and
non-carriers,” and might very well be the result of ovarian
ageing.

[A16] Recent laboratory studies of the germ-cell-
deficient Wv mouse also provide intriguing ideas about
the aetiology of ovarian cancer.” The Wv mice harbour a
point mutation in the c-Kit gene that greatly decreases
the tyrosine-kinase activity of c-Kit, affecting the
development of germ cells, pigment cells, and mast
cells.”” Homozygous Wv-mutant mice have a similar
lifespan as wildtype mice, but are essentially sterile due
to the germ-cell defect> Wv/Wv females contain less
than 1% of the normal number of oocytes at birth, and
once reproductive age is reached, ovarian follicles are
rapidly depleted.” Subsequently, serum gonadotropins
are increased and substantial epithelial morphological
changes develop, including surface invaginations,
inclusion cysts, papillomatosis, and benign ovarian
tumours, known as tubular adenomas.*** These tumours
are derived from ovarian surface-epithelial cells,
resembling human ovarian changes that might result
from ageing.” In the absence of germ cells, as in the Wv
mouse, suppression of gonadotropin release prevents
the development of the ovarian tubular adenomas,* yet
gonadotropin administration alone (ie, germ cells are
present in the ovaries) does not result in epithelial
tumours.**” Moreover, transgenic mouse models
targeting the gonadotropin pathway without depletion of
oocytes do not develop epithelial tumours. Female mice
overexpressing follicle-stimulating hormone (FSH) in
levels far exceeding those in postmenopausal women
develop haemorrhagic and cystic ovaries, but do not
develop epithelial lesions.® Additionally, genetic
knockouts of the FSH receptor in the ovary, in which
circulating serum FSH levels are high but non-
functioning, do not develop epithelial cancers, but instead
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sex-cord tumours, which represent only a small subset of
human ovarian cancers.” Thus, the early depletion of
germ cells and subsequent increase in gonadotropins in
the Wv mice might constitute a relevant, albeit
exaggerated model, mimicking the postmenopausal
biology and ovarian morphological ageing in women.

Follicle depletion

Studies of the Wv mice prompted us to postulate that
depletion of ovarian germ cells and follicles might
underlie the aetiology of ovarian-cancer risk associated
with reproductive factors and menopause status (figure 2),
and might in fact unify incessant ovulation and
gonadotropin stimulation as mechanisms.

Follicle depletion explains the age-dependent risk of
ovarian cancer: ovarian cancer generally develops in the
immediate postmenopausal years, when ovarian follicles
are depleted. The depletion of ovarian follicles obviously
precedes and causes increased serum gonadotropins,
which stimulate an inflammatory environment in the
ovary that is permissive to transformation of surface
epithelial cells and tumour development. Furthermore,
both incessant ovulation and gonadotropin stimulation
will accelerate the depletion of ovarian follicles.
Additionally, protective factors, such as the use of birth-
control pills,” and cyclooxygenase inhibitors,"* might
preserve follicles. Cyclooxygenases participate in follicle
development and ovulation,** and their inhibition might
slow follicle maturation and extend follicle lifespan.
Findings show that lifetime ovulation correlates with
premenopausal, but not postmenopausal, ovarian-cancer
risk, and a decrease of pituitary gonadotropin release
with hormone-replacement therapy does not decrease
ovarian-cancer risk.” These findings also support the
notion that the presence of ovarian follicles, rather than
ovulation and gonadotropin stimulation, is a major
determinant of ovarian-cancer risk.

Conclusion

The follicle-depletion hypothesis predicts that follicle
preservation and delaying reproductive ageing might
prevent ovarian cancer or decrease the risk of developing
this disease, and that menopause timing might correlate
with ovarian-cancer incidence, which can be verified by
epidemiological studies designed to assess these factors.
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Search strategy and selection criteria [A12]

Information for this Personal View was obtained by searches
Of e [Please list databases and other sources
used, ie, PubMed, Medline, etc], by use of the search terms
...... Only papers published between ..
.[Please provide dates] in ................ [please provide
language] were included.
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